iii ABSTRACT This thesis concentrates on laboratory measurements of the Electron Drift Instrument (EDI), focussing primarily on the EDI optics of the system. The EDI is a device used on spacecraft to measure electric fields by emitting an electron beam and measuring the E × B drift of the returning electrons after one gyration. This drift velocity is determined using two electron beams directed perpendicular to the magnetic field returning to be detected by the spacecraft. The EDI will be used on the Magnetospheric Multi-Scale
INTRODUCTION
The universe is in part made up of plasma, the fourth state of matter. The sun and the stars are made of plasma. A plasma is an ionized gas composed of freely moving electrons and ions. Plasmas are strongly influenced by, as well as create, a wide variety of electromagnetic fields because of the motions of the charged particles. The electromagnetic fields create complex structures such as the Earth's magnetosphere, which is shaped by the Cross section of the magnetosphere of Earth. The solar wind is diverted by the magnetic field lines of the Earth's magnetic field to surround the magnetosphere and extend the magnetic field lines away from the sun into the magnetotail. Image by Kaler (1992) .
reconnection is important to any heavenly body with a magnetic field. The energy transferred by reconnection can directly affect people by its influence on geospace weather and technological systems such as telecommunication networks, GPS, and power grids (Smith, 2014) . However, the mechanisms that cause magnetic reconnection remain an active area of research.
One approach used to gain a better understanding of the mechanisms that drive magnetic reconnection and the acceleration of energetic particles is to make measurements in the magnetosphere. It is very difficult to recreate the environment of the magnetosphere in laboratories, but the behavior of these phenomena can be directly studied by properly instrumented spacecraft in the magnetosphere. Among the observables that can be measured by spacecraft, magnetic and electric fields are often quite challenging. Sources, such as power supplies or current carrying wires on the spacecraft, affect the magnetic and electric fields being measured. The electromagnetic fields being measured become influenced by those of the spacecraft and are not solely the desired electromagnetic fields of the space surrounding the spacecraft. Therefore everything on a spacecraft must be adequately shielded and the scientific instruments extracting the measurements must not interfere with the measurements being made. This is difficult because most instruments emit electromagnetic fields that can interfere with the fields being measured. Moreover, space is a harsh environment that must be taken into account when designing spacecraft and instrumentation.
One of the standard methods to measure electric fields by spacecraft is the double probe technique, as presented by Pedersen et al. (1998) . The double probe technique determines the electric field by measuring the voltage difference between two spherical probes separated by a set distance. The probes must be set to the same potential as the unperturbed plasma in their relative positions by a bias current. However, the probes are very sensitive to perturbations from the spacecraft as well as the wire booms supporting the spherical probes. The electron drift technique uses a weak electron beam of electrons to get the E × B drift velocity to determine the electric field. This drift velocity is determined using two electron beams directed perpendicular to B that return back to the spacecraft after one gyration (see section 2.1). The electron drift technique is insensitive to the problems of the double probe technique, but has its own challenges.
The Magnetospheric Multi-Scale Mission (MMS) utilizes both of these complimentary measurement techniques to study the magnetosphere (Smith, 2014) . MMS uses four spacecraft in a pyramid formation to make three-dimensional measurements of the structures in the magnetosphere, such as magnetic reconnection.The spacecraft will repeatedly sample these regions for a prolonged period of time to gather data in more detail than was previously possible.
The Electron Drift Instrument (EDI) is the scientific instrument on MMS that utilizes the electron drift technique. The purpose of this thesis it to evaluate the behavior of the measured response of the EDI optics. The EDI is defined in more detail in Chapter 2 followed by a description of the laboratory setup in Chapter 3. Chapter 4 discusses the results of the measurements taken and Chapter 5 summarized the results.
THE ELECTRON DRIFT INSTRUMENT

Principle Operation
The Electron Drift Instrument (EDI) is a scientific instrument used on spacecraft to measure electric fields by emitting a weak electron beam and measuring the E × B drift of the returning electrons after one gyration. This process is described by Paschmann et al. (1998) using the election drift technique. The EDI contains three main parts: a controller and two Gun Detector Units (GDUs). Each GDU consists of an electron gun, electron optics, a sensor, and a correlator. In order to measure the electric field E, the fluxgate magnetometer on the spacecraft is used to determine the magnetic field direction and then supplies this information to the EDI controller. The EDI then uses this information to determine the plane perpendicular to the magnetic field. The electron gun then sweeps across this plane until the beam returns after one gyration to the spacecraft and is detected by the EDI shown in Figure 2 .1.
The electron gun emits a weak electron beam (≈ 500pA) with an angular width of 2
• at an energy of 1 keV and can steer the beam in any direction over a hemisphere. The electrons return back to the spacecraft after one gyration. Because the magnetic field can be in any direction, the GDU's electron optics must be able to function over a large angular range: > 2π steradian covering the hemisphere. The two GDUs are located on opposite sides of a spacecraft so that the electron beam of one GDU can be detected by the GDU on the opposite side, as shown in Figure 2 .1. The drift step is the distance between the starting point of the electron beam and its displacement due to the E × B drift after one gyration. Therefore
Figure 2.1: Basic Operation of the EDI: The electron beam from GDU1 enters the detector of the GDU2 after the beam curves around the magnetic field. Similarly, the electron beam from GDU2 enters the detector of the GDU1.
where D step is the drift step, t gyro is the period of an electron after one gyration, and v D is the E × B drift velocity.
Measuring the drift step requires two simultaneous measurements -using both GDUs -to determine the vector that describe the direction and magnitude of the drift step. The ideal trajectory of the electron beam from each of the electron guns to the detectors is shown in Figure 2 .1. The displacement between GDUs allows for determination of the drift step through a triangulation technique.
The Top Hat Electrostatic Analyzer
To better understand how the electron optics system of the EDI works, we examine a much simpler electrostatic analyzer called the "top hat." Top hats are a type of cylindrically symmetric electrostatic analyzer that are used to measure particles over a range of energies from a variety of directions (Carlson & McFadden, 1998) . The top hat has a 360 • field of Figure 2 .2: Basic operation of a particle moving through the 'Top Hat' electrostatic analyzer. The incoming particle enters through the entrance aperture and passes between the outer and inner hemisphere onto the sensor.
view in a single plane providing full azimuth imaging. hemisphere is chosen to be attractive to the incoming particle, positive for electrons and negative for ions. The particle then continues on the path, curving gradually to the sensor for amplification and counting. The curvature of the path causes particles of energies other than the chosen energy to deviate from the circular path between the hemispheres.
Particles of energies lower than the specified energy will undershoot the sensor and hit the inner hemisphere. Inversely, particles at higher energies overshoot the sensor, hitting the outer hemisphere.
The top hat analyzer has a nearly Gaussian energy profile and angle response with a good geometric factor. The geometric factor describes the response of the detector, converting the number of electrons detected to the flux or distribution function of the measured population. By definition, the geometric factor is
where ∆A is the effective area, ∆Ω is the solid angle, and ∆E is the energy band which is normalized by E -the center energy of the detector. The geometric factor describes the sensitivity of the device and allows for the determination of characteristic particle population properties, such as the differential flux or phase space density.
The electron optics used in the EDI are much more complex than the top hat analyzer, but they utilize the same analyzing principle. The difference is that the EDI utilizes more voltage controlled optics in the form of injectors, deflectors, and analyzers to dictate the path of incoming particles. The EDI also analyzes a beam of particles as opposed to the single particle of the top hat analyzer.
EDI Optics
The primary focus of this thesis is the EDI optics system. A cross-section of the GDU is shown in Figure 2 Each combination of optimized voltages at a specific Θ is called an "optics state." The optic state sets the overall energy and varying response range that is read in by the detector.
For the testing process described in the next chapter, the optic state used had the desired broad response range for a given look direction. Optics states are described in Section 3.4.2.
SETUP
This chapter examines the testing process utilized to take measurements of the optics response to a uni-directional electron beam. These measurements are used to verify the response of the EDI's optics to allow for the optimization of the desired optics state. This setup consists of five elements: the vacuum system, electron beam system, motion system, magnetic field nulling system, and the data acquisition system.
Vacuum and Magnetic Field Nulling System
All testing took place inside a vacuum chamber surrounded by a magnetic field nulling system shown in To lower the pressure in the chamber to vacuum, the chamber was initially pumped down to ≈ 10 −3 torr using a mechanical roughing pump to remove most of the particles of the atmosphere. The cryopump does not have the capacity to absorb all the particles present in the chamber at atmosphere pressure, thus most of the particles must be removed before using the cryogenic pump. The cryopump decreases the pressure in the chamber to ≈ 10 −6 torr. At this pressure, the mean free path of an electron is larger than the chamber, Figure 3 .2: Schematic of the electron calibration source by Lessard et al. (1998) . UV photons emitted from the lamp are diffused and passed through a chromium-plated quartz window in order to release electrons via the photoelectric effect. The chromium film is negatively biased and placed near a grounded screen that creates an electric field that accelerates the electrons to a desired energy and in the direction of the electric field. which in turn protects the equipment from arcing at the high voltages that are applied.
Electron Beam System
The electron beam inside the vacuum chamber is based on the design developed by Lessard et al. (1998) in place of a simple electron gun. The electron calibration source produces a broad electron beam ≈19 cm in diameter. A broad electron beam allows for the almost complete illumination of the entrance aperture of the optics of the detector to measure the distribution of electrons received over the entrance of the GDU. The electron calibration source is located in the back of the chamber in a smaller cylinder facing the larger one-meter diameter chamber as shown in Figure 3 .1(b).
The beam system uses UV photons generated by a lamp incident on a quartz plate with a very thin chromium film on one side to create a source population of electrons as shown in Figure 3 .2. The chromium is applied to one side of the quartz window which is illuminated from the opposite side with the diffuse UV light. Quartz is used because it transmits UV, unlike other materials such as glass or plastic. The thinness of the chromium allows UV photons to reach the front side of the chromium coating thereby emitting the electrons through the photoelectric effect. The chromium surface is negatively biased relative to ground to provide the acceleration of the electrons away from the plate once emitted. The beam-electrons then leave the source as they pass through the grounded screen as shown in Figure 3 .2. The electric field created between the negatively biased chromium plate and the grounded screen accelerate the electrons to the desired energy controlled by a high voltage power supply connected to the chromium plate.
The EDI can measure electrons at different energies, however the electron calibration source was fixed at 1 keV for the duration of these measurements. The electron calibration source was turned on for a period of time before beginning the measurements for the source to reach thermal equilibrium.
Motion System
The entire GDU was not needed for these measurements, only the optics of the EDI and the sensor electronics which will be referred to as the "Optics" here after. The Optics were attached to a two axis mechanical gear arm inside the chamber, shown in Figure 3 .3.
The gear arm rotates azimuthally and in pitch angle, where the pitch angle is defined as the angle between the symmetry axis of the Optics and the direction of the electron beam. For example, the pitch of the Optics is 90
• when the axis of symmetry of the Optics was perpendicular to the direction of the electron beam, see Software was used to control the gear arm in LABVIEW. The software was limited to a small angular range as not to exceed the limits just discussed. To circumvent this issue, the initial value of the gear arm was manually set for a pitch angle and then the software ran through each degree of pitch angle for a small angular range of ±24
• around a look direction Θ during the measurements. For example, for a 90
• test the pitch angle was set to 90
• before starting the test. Azimuth was fixed to 0 • but could still be set to other azimuth angles if needed. A larger angular range was not needed because the optics response for a given angle did not exceed ±24
• around a set Θ. Further details will be presented in Chapter 4.
Data Acquisition System
The data acquisition system consists of three parts: the motion control program The status of the power supplies was constantly monitored for unusual behavior. A separate low voltage power supply was used to control the sensor electronics.
Acquiring Counts
The software to acquire the counts on each of the 32 annular pads required the following programs: the write-to-port program used to set the charge amp threshold value via a digital-to-analog converter on the processor board and the write-to-memory program used to set the period of acquisition (1ms) The measurements of the optics states are dependent on the voltages for a given Θ, where Θ is defined as the look direction of the set optics voltages. In contrast, the pitch angle is the actual angle between the axis of symmetry of the Optics with the direction of the electron beam. The pitch angle is varied around a set Θ to capture the response of the optics for that Θ. Ideally, the maximum response of the optics occur when the pitch angle is equal to Θ. The energy range of the incoming electrons is adjustable, however, the optics state tables were set for a specific overall energy -1keV -for the duration of these measurements. 
Simulations
The simulations were created using Lorentz software by Dr. Kristine Sigbee. The EDI was modeled in 3D, setting the optics surfaces to the voltages corresponding to Θ.
The potential inside the detector was mapped using boundary conditions on the various voltage surfaces. The trajectories of incoming particles were then solved using the fifth order Runge-Kutta method with relativistic corrections. The number of counts that hit each pad were recorded and analyzed as described in Chapter 4. The major difference in analysis was that the simulations were only performed for half of the pads, mirroring the results onto the rest of the pads. Using this simulation method, the voltages for the optics state tables were refined to produce the current optics states.
MEASUREMENTS
This chapter presents the measured response of the EDI optics to the electron beam using the setup discussed in the previous chapter. As a reminder, a subset of the GDU's components consisting of the EDI's optics and sensor electronics is referred to as the "Optics."
The electron beam projected at the Optics was filtered through the analyzer optics into the MCP and onto 32 pad annular ring that makes up the sensor. A testing process was used to record this data which was then plotted and compared to simulations of the optics response, where a successful test is defined by whether a response is visible for a given look direction.
Test Configuration
The basic idea is to set a look direction of Θ from the optics state voltage • around the set look direction of Θ and the Optics azimuth was fixed to 0
• . For each Θ tested, a single graph was produced as discussed in the next section.
As a specific example, the testing process began by manually setting the pitch angle of the Optics using the gear controls, shown in 
Measured Results
The data for the look direction of Θ = 90
• shown in Figure 4 .1, where the y-axis is the number of counts, the x-axis represents pitch angle, and each colored line represents one of the 32 azimuthal pads. In Figure 4 .1, the pad with the most counts is pad 5 -the pad opposite the azimuth which is most visible to the electron beam -with a nearly gaussian distribution centered on ≈ 87
• . This 87
• peak is close to the expected peak response of
90
• , and is very good due to the broadness of the curve of the peak response. The response of these measurements shows up more clearly in the 2-D plots of Figure 4 .2, where the y-axis is the pad number, the x-axis is the pitch angle in degrees, and the color represents the number of counts at a given position. However, the largest number of counts for Figure 4 .2(c) is located at a pitch angle closer to 87
• as verified in Figure 4 .1, while the simulation of Figure 4 .2(f) shows the peak closer to 93
• . Nonetheless, the measurements are consistent with the simulations in each case.
The measured data for the Θ between 40
• and 90
• agreed well with the simulations and are considered to be very good because there is a visible response in each case.
The results of the measurements were considered to be quite consistent with the simulations because the exact position of the response compared to the look direction is • . The xaxis is the pad number, the y-axis is the pitch angle in degrees, and the color of the graph represents the concentration of counts at a given position. not as important as the confirmation that a response is visible, but the relative position of the peak response does give the optics state reliability. There was also systematic error in the setup that could account for the difference in the peak response and the look direction.
The high voltages supplies were set to voltages within 1 to 2 volts of the set voltage. Using high voltage supplies, the error in the voltage was much greater at smaller voltages than higher voltages. Therefore an error < 5% was difficult to attain for small voltages. Also, the optics state tables provided were within a tenth of a degree, not always at the exact angle tested (for example, the closest angle to 25.0
• was 25.3 • ). Therefore if Θ was within a few degrees, the result was considered to be consistent with the simulation. • . The graphs show the two main issues: a 3
• offset and the variation in the distribution of the counts. The y-axis is the pad number, the x-axis is the pitch angle in degrees, and the color of the graph represents the concentration of counts at a given position.
as well as the sensitivity of the 32 annular pads.
Analysis
The variation across the azimuth pads implied that the data needed to be normalized to account for the variations in the sensitivity of the gain of each of the 32 pads. An azimuth scan was performed with the pitch angle at 0
• and a look direction for Θ = 0 • , rotating the optics system azimuthally so that the electron beam could move over multiple pads for the comparison of the gain on each pad. The resulting data was analyzed to create a normalization ratio that was applied to the measured data. The purpose of the normalization ratio was to remove the variation across the pads for low pitch angles. The test was started by performing the same test as described in section 4.1. However, the azimuth scan fixed the look direction to Θ = 0 • and the pitch angle to 0 • , varying the Optics azimuth angle by ±30
The idea is that any beam variation will shift from pad to pad, but the gain variation stays on the same pad.
Before analyzing, the csv file was processed as a spreadsheet. In the spreadsheet, each pad was averaged over all the azimuth angles for a data set of one azimuth angle creating a 1 × 32 array. Each of the averaged 1 × 32 arrays were combined to make a 13 × 32 matrix, where '13' represented each of the tests at a given azimuth versus the 32 pads. Pad 8, at a pitch angle of −20
• , malfunctioned as was indicated by a low number of counts compared to the rest of the data for an unknown reason. To correct for this, the counts for the pitch angle was replaced by an average using the counts on the pitch angles adjacent to it. Therefore the pitch angle at −25
• and −15
• on pad 8 were averaged to The range −10
• to 10 • in azimuth and pads 3 to 24 in Figure 4 .5, were used as the selected data for normalization. This selected data, shown in Figure 4 .7(a), were chosen because it was the most uniform region of the azimuth scan as expected from the electron calibration source and the data from section 4.1.1 was only taken at the azimuth angle of 0 • . From this selected data region, the median value over all the pads of a given angle was calculated. That median value was then divided by the measured value to create a normalization ratio. The ratio was averaged over all the azimuth angles for each pad number. This average ratio was then applied to the measured selected data in Figure 4 .7(a)
to create the normalized region in Figure 4 .7(b). The normalization ratio was successful in normalizing the data by evidence of the much improved uniformity in Figure 4 .7(b).
The normalization ratio was then enlarged to include all the pads by placing a value • . Comparing the graphs, the distribution of counts are significantly improved. The y-axis is the pad number, the x-axis is the pitch angle in degrees, and the color of the graph represents the concentration of counts at a given position for all the graphs.
electron beam that the normalization of the pads did not account for. This clearly shows that when a pad was located at a given position relative to the beam, the counts varied.
The beam variation was not removed by the gain normalization of the pads, implying that the electron calibration source is not as homogenous as was assumed. Despite that, the testing performed in section 4.1.1 was fixed at an azimuth of 0
• , rendering the beam variation observed in Figure 4 .9 insignificant for these particular measurements. Therefore, only the normalization factor of the pads was applied to the measured data.
Applied Data
The normalized ratio was multiplied by the measured data for Θ = 5
• and plotted in 
CONCLUSION
The Electron Drift Instrument (EDI) is a scientific instrument used on spacecraft to measure electric fields by emitting an electron beam and measuring the E × B drift of the returning electrons after one gyration. The electron gun emits a weak electron beam of 1 keV and can steer the beam in any direction over a hemisphere. Because the magnetic field can be in any direction, the GDU's detector must be able to function over a large angular range: > 2π steradian across the hemisphere. The EDI will be flown on MMS which will be launched in March 2015.
The optics subsystem of the EDI was tested in the laboratory to verify the response of the EDI's optics and sensor electronics. The testing was done in a vacuum chamber with a motion control system and a broad electron calibration source. Optics state tables derived from simulations were used to set the voltages of the optics surfaces at a given input beam direction Θ. The pitch angle was defined as the angle of the EDI's optics and sensor made with the electron calibration source and Θ was defined as the look direction of the optics of the detector. The EDI's optics were then tested using software to control beam direction in order to observe the response in Θ over the range of 90 • to 0 • in 5
• increments. Each test stepped through a pitch angle of ±24
• around the set Θ angle.
Summary of Results
The results of the measurements were quite consistent with the simulations when compared to the systematic error in the setup and the broadness of the peak response curve. A successful result consisted of viewing a response, which was confirmed by these measurements for each look direction tested. The response of the optics measurements and simulations were compared for a set of Θ angles, consisting of the response at Θ = 90 and plotted with a median filter equivalent. The electron calibration source was expected to be uniform and circular as demonstrated by Lessard et al. (1998) , but the median graph shows that there is some variation in the electron beam that the normalization of the pads did not account for. However, the testing performed over the Θ angles was fixed at an azimuth of 0 • which was normalized in Figure 4 .8, rendering the beam variation observed arbitrary. Therefore, only the normalization factor of the pads was used.
The normalized ratio array was multiplied by the measured data matrix and graphed for Θ = 5
• . Comparing with the measured data set, the distribution of counts of the normalized graph at Θ = 5
• was significantly improved (see Figure 4 .10(b)). The normalized graph confirmed that the response was off by 3
• . The angles in the range of Θ = 10
• to 30
• matched the simulations better. However, the normalization did not significantly affect the data at Θ = 90
• . At higher angles, only one or two pads receive a higher concentration of counts and are therefore not as affected by matching the gains to normalize the pads. The results of these measurements agreed very well with the simulations, especially after normalization of the pads and a shift in the voltages of the optics state table for Θ = 0
• . The results of these measurements were considered to be very successful because a response for each test at a given look direction was visible, which is all the information needed from the optics system of the EDI for the calculations of the electric field. These results show that the EDI instrument can be used with confidence in the MMS mission.
Future Work
Future work should include thoroughly removing all sources of stray magnetic fields in the chamber to create a straighter electron calibration source and rerunning the tests.
Additionally, more work could be done to remove the inhomogeneity of the electron calibration source. To better understand the response of the EDI, it would be useful to perform the same measurements in this thesis at optics state four, as well as varying the accepted energies of the electron calibration source.
